include metabolic events such as stimulation of glucose Vanadium compounds mimic insulin actions in dif-transport, glucose metabolism, lipid synthesis, and ferent cell types. The present study concerns the insu-stimulation of glucogen synthase as well as mitogenic lin-like effects of three vanadium(V) derivatives and activities like cell replication and DNA and protein synone vanadium(IV) complex on osteoblast-like (UMR106 thesis (2-7). In bone cells in particular, insulin has and MC3T3E1) cells in culture. The vanadium oxalate important physiological actions. It stimulates cell proand vanadium citrate complexes hydrolyzed com-liferation and increases DNA and collagen synthesis pletely under the culture conditions, whereas more (8-10). In osteoblastic lines, insulin also has metabolic than 40% of the vanadium tartrate and nitrilotriace-effects: it regulates alkaline phosphatase activity and tate complexes remained. Vanadate, as well as vana-stimulates the Na / /K / pump and glucose transport dium oxalate, citrate, and tartrate complexes en-(11-16). Likewise, vanadate has been shown to mimic hanced cell proliferation (as measured by the crystal several of the effects of insulin on osteoblast-like cells violet assay), glucose consumption, and protein con-(4-6, 17). appear to be toxic for normal MC3T3E1 osteoblasts. soft tissues and blood contain the maximal concentraIn contrast, the vanadium tartrate complex induced a tion 2 h postadministration, whereas in bone the maxiproliferative effect; however, it did not alter cell differ-mal level was found 1 day posttreatment (21).
the biological study (reviewed in 24). In the current example, Refs. 37-39).
work the biological response of different vanadium
Vanadium compounds and solution preparation. All chemicals compounds, with varying stabilities under the physio-obtained from Aldrich were reagent grade and used without further logical study conditions, has been examined. Although purification. The vanadium compounds were prepared as crystalline limited information is available on the nature of the solids as described previously: Na 4 [(VO) 2 (29) (30) (31) (32) (33) ). Such information is essential in order to iden-found to be stable for days at various concentrations (ranging from tify whether the suggested mechanism of action of van-submillimolar to 50 mM). However, when these compounds were added to the DMEM media in the absence of cells (cell-free system) adate or VOSO 4 can indeed be attributed to an effect and the temperature was increased to 377C, their stability varied as on protein-tyrosine-phosphatases or protein-tyrosine described under Results.
kinases (34-36).
Cell culture. Rat osteosarcoma cell line UMR106 was grown in
The present study concerns the insulin-mimetic ef-DMEM supplemented with 10% FBS and antibiotics (100 U/ml penifects of vanadium derivatives on osteoblast-like cells cillin-100 mg/ml streptomycin) in a humidified atmosphere of 95% in culture. Specifically, we demonstrate that such an air/5% CO 2 . Cells were grown to near confluence (70-80%) when effect is not limited to one type of osteoblast-like cells they were subcultured using 0.1% trypsin-1 mM EDTA in Ca 51 V NMR, uv-vis, and EPR speccells in 24-well plates were washed with PBS and fixed with 5% troscopy was used to monitor each of the vanadium compounds in glutaraldehyde/PBS at room temperature for 10 min. Then they were the cell media and in stock solutions. Specifically, 51 V NMR spectros-stained with 0.5% crystal violet/25% methanol for 10 min. After that, copy at 79 MHz was used to measure the stability of vanadium(V) the dye solution was discarded and the plate was washed with water compounds in solution. If the vanadium(V) compound underwent and dried. The dye taken up by the cells was extracted using 0.5 ml/ redox chemistry, these measurements were confirmed by uv-vis well 0.1 M glycine/HCl buffer, pH 3.0/30% methanol and transferred spectroscopy (on a Perkin-Elmer lambda 4B), which gives different to test tubes. Absorbance was read at 540 nm after a convenient absorption spectra for various vanadium compounds. For example, sample dilution. We have previously shown that under these condiuv-vis spectra of pure intact V-NTA and Vtar were used to obtain the tions, the colorimetric bioassay strongly correlates with cell proliferaextinction coefficients and/or absorbances of the original vanadium tion (17). compounds. These coefficients were then used to monitor the disapAlkaline phosphatase activity. Cells were incubated at 377C/24 h pearance and/or appearance of absorbances at various wavelengths. in a serum-free medium containing different agents. The cell layer Since the DMEM medium is colored and absorbs in the uv and visible was then washed with PBS and solubilized in 0.5 ml of 0.1% Triton range, samples were examined in the presence and the absence of X-100. Aliquots of the total cell extract (10%) were used for protein vanadium compounds, and the absorbance of the medium was sub-determination using the Bradford technique (46) and for measurestracted from the observed spectrum of the vanadium compounds. ment of alkaline phosphatase activity (10-20%) as has been preWhen vanadium(IV) compounds were added to the cell media (or viously described (17) . This assay has been used as a marker of formed during the experiment), EPR spectroscopy was also used to osteoblast-phenotype expression in cell cultures (44, 47, 48). monitor these compounds. The cells were incubated with vanadium compounds studies allowed us to estimate the speciation of vanadium compounds at 25 mM even though the detailed at concentration of 25 mM. The analytical methods available do not allow for distinction among different decomposition reactions of these compounds in the presence of cell media are not fully understood (decomvanadium species in solution at this concentration. It was necessary to measure their stability at higher con-position is likely to involve both hydrolysis and redox reactions). The projected stability curves for 25 mM of centrations and to estimate the existence of each vanadium compound in the DMEM media under cell growth each vanadium compound are shown in Fig. 2 (right) .
RESULTS

Stability
From this figure it can be seen that Voxal is hydrolyzed conditions. Thus, the stability studies of vanadium compounds were carried out in a cell-free system, in immediately and Vcitr is essentially 100% converted to vanadate after 7 h. However, some of the V-NTA and DMEM media at 377C, pH 7.4. Since the relative stability of the V-NTA and Vtar complexes are dependent on the Vtar compounds remain unchanged in solution, although both of these species also form significant conthe concentration of the compound, a series of at least six different concentrations were followed up to 24 h. centrations of vanadate. For example, after 24 h incubation with 25 mM Vtar, 10 to 15 mM vanadate was For example, a 5.0 mM V-NTA solution contained ú65% compound after 24 h, whereas a 0.50 mM V-NTA formed. Since all four compounds generate vanadate upon compounds. Vanadate, Voxal, Vcitr, and V-NTA incubation with the cell media we would expect that strongly stimulated cell proliferation in UMR106 cells all four vanadium compounds would exhibit some of (Fig. 3A) . On a molar basis, Vtar was less effective than the biological responses of vanadate, albeit at different vanadate (115 { 3 vs 133 { 8, respectively; P õ 0.05), levels. Both V-NTA and Vtar remain intact for longer but still induced cell growth. On the other hand, in periods of time and thus have the potential to exhibit MC3T3E1 cells (Fig. 3B) , vanadate, Voxal, Vcitr, and a response which could be differentiated from that of Vtar increased cell proliferation to the same extent, vanadate.
while V-NTA did not affect the proliferation of this cell line as tested in three independent experiments. Effect of vanadium compounds on cell growth. Figure 3 shows the proliferation assay, as measured by
The effect of vanadium derivatives on total cell protein was also assessed (Table I) (Fig. 5A) (Table II) . The effects were similar for all vanadium derivatives tested at 25 mM concentration, with the exception of V-NTA, which was more potent than vanadate on the UMR106 line.
Vanadium derivatives inhibit cell differentiation. The osteoblast-like phenotype was assessed by the specific activity of alkaline phosphatase. In UMR106 cells, vanadate, Voxal, Vcitr, and V-NTA statistically inhibited cell differentiation, whereas the vanadium(IV) derivative Vtar showed no effect (Fig.4) .
In these experiments the MC3T3E1 cells were cultured for relatively short periods (3 days) and the ALP activity was very low, since these cells had not yet reached their typical osteoblast phenotype (44). Thus, this parameter could not be evaluated in this cell line.
Morphology. During the course of the incubation with vanadium compounds, it was observed that in con- The effect of high cell density on the responsiveness to exogenously added compounds is not limited to the date and other vanadium compounds are not limited to the UMR106 osteosarcoma cells but are also exhib-MC3T3E1 cells but has also been previously reported for other cell types (51). It is possible that under high-and glucose consumption) and partially like VOSO 4 (without affecting ALP activity and cell morphology). density conditions, considerable amounts of growth factors (like IGF-I) may down-regulate their specific recep-These observations are consistent with the partial hydrolysis observed for these compounds in the cell metors, rendering the cells unresponsive to exogenous mitogens. However, using conditions similar to ours, Da-dium (Fig. 2) .
V-NTA, the only peroxo-compound examined in this vidai et al. (7) found that vanadate increased thymidine incorporation into DNA and synergized the PDGF work, is particularly interesting because of its stability and observed biological effects. About 20% of the comgrowth-promoting effect. Our results are in agreement with their findings and furthermore demonstrate an plex remains after 15 h incubation in DMEM medium.
The fact that the cellular response to V-NTA deviates effect by other vanadium compounds. The response of cell line UMR106 to vanadate was similar to that of from that of vanadate suggests that V-NTA acts in a significantly different way than vanadate (albeit con-MC3T3E1: vanadate increased cell proliferation (as measured by crystal violet assay), protein content, and sidering that some V-NTA does generate vanadate upon incubation with the cell media). This compound glucose consumption (Fig 3; Tables I and II) .
Vanadate, Voxal, and Vcitr increased cell prolifera-affected UMR106 cell proliferation and differentiation to a magnitude indistinguishable from that of vanadate tion, protein content, and glucose consumption to the same extent in UMR106 and MC3T3E1 cells ( Fig.3; (Figs. 3A and 4 ; Table I ). However, it was statistically significantly more potent than vanadate in increasing Tables I and II) . These three compounds also inhibited the ALP-specific activity in the former cell line (Fig. glucose consumption in UMR106 cells (P õ 0.05) (Table  II) . On the other hand, V-NTA did not affect mitogen-4). These results were also reproduced in a series of experiments performed in the presence of 25 mM EDTA esis (Fig. 3B) or cell protein content (Table I) in MC3T3E1 cells under our working conditions. These and thus suggest that the effect of vanadium compounds on cell differentiation, as assessed by ALP ac-observations would be consistent with the possibility of V-NTA not being taken up and/or metabolized by the tivity, is not a direct in vitro inhibitory effect of vanadium compounds but probably a change in the enzyme MC3T3E1 osteoblast-like cells but inconsistent with the observed enhanced glucose consumption (Table II) . content as we have previously suggested (17) .
The observed biological responses of Voxal and Vcitr This could suggest that this compound exerts selective effects on MC3T3E1 cells. Furthermore, the morphoare consistent with the hydrolysis of each vanadium derivative to vanadate and free ligand. Indeed, Voxal logical studies showed that V-NTA was the strongest morphological transformer in MC3T3E1 cells (Fig. 5) . is rapidly hydrolyzed in the culture media as shown by 51 V NMR (Fig. 2) and suggested by previous studies Transformation suggests that this compound may have cytotoxic effects on the normal osteoblast MC3T3E1 with these compounds (24) . Even though Vcitr is significantly more stable, it partially hydrolyzed under cell lines, as has been previously suggested for other peroxovanadium derivatives (59). The experimental evour incubation conditions (Fig. 2) , and the effects of this compound cannot be distinguished from the effect idence presented here is consistent with the possibility that tumorigenic and normal osteoblast-like cells could of vanadate (Figs. 3 and 4 ; Tables I and II) .
Vtar is a relatively stable vanadium(IV) compound respond differently to some vanadium compounds, as in the case of V-NTA. in DMEM medium. After 15 h of incubation at 377C, about 10 to 20 mM vanadate was generated from 25 mM
In conclusion, Voxal and Vcitr induce insulin-like effects on osteoblast-like cells similar to those of vanaVtar. Under our experimental conditions, Vtar did not affect UMR106 differentiation (Fig. 4) but stimulated date. These effects are consistent with their rapid hydrolysis to vanadate. In contrast, relatively stable comcell proliferation, protein content, and glucose consumption ( Fig. 3 ; Tables I and II) haves partially like vanadate (increasing cell growth
